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(Received December 06, 1990; accepted March 26, 1991) Abstract. 2014 The current state of electron loss spectroscopy (EELS) techniques and applications in biology is briefly reviewed. The field-emission scanning transmission electron microscope (STEM) equipped with a parallel detection spectrometer can localize and quantitate physiologically and biochemically relevant concentrations of many important elements in specimens prepared by suitable low-temperature techniques. The energy-filtering TEM is a complementary instrument, well suited for mapping locally high concentrations of elements over wider sample regions. With the STEM, nearly single-atom sensitivity can be achieved in the analysis of individual macromolecular assemblies although the spatial resolution is limited by radiation damage. Other STEM energy loss techniques that appear to be feasible include: low-dose elemental mapping of periodic structures; elemental labelling of organic and organometallic compounds in cells; thickness measurement of hydrated proteinb crystals, and measurement of water content in subcellular compartments. 1 . Introduction.
Biological specimens often challenge the limits of microanalysis because of the low concentrations of elements that they contain. In proteins and nuclei acids, in assemblies of proteins and in cell organelles, the atomic fractions of biologically important elements such as phosphorus, calcium and other metals are typically in the range of only -10-5 to 10-2. Energy-dispersive xray spectroscopy (EDXS) is the technique most commonly used for biological microanalysis: for these applications a high sensitivity and capability for quantitation have been demonstrated [1] [2] [3] . Electron energy loss spectroscopy (EELS) has generally been considered a specialized technique most useful for detecting high concentrations of light elements. The small signal/background that is encountered in EELS microanalysis clearly imposes demanding requirements for instrumentation and data processing. In many cases the increased sensitivity of parallel detection becomes essential for obtaining useful results [4] [5] [6] . However, such a capability has become available only in the past few years, so the full potential of EELS applications in biology has yet to be explored [7] . 1B.vo types of instrumentation are currently being used to apply EELS in biology. One is the scanning transmission electron microscope (STEM) equipped with a magnetic-sector spectrometer [6, 9] ; the other is the TEM combined with an energy-filter (EFTEM), either a Castaing-Henry magnetic-sector/ electrostatic mirror [10] [11] [12] or a purely magnetic-sector Ç2-filter [13, 14] . Th [17] . Comparable spatial resolution can be achieved in the STEM provided it is equipped with a high brightness field-emission source. However, the total acquisition time for a STEM EELS map is generally much greater than with energy-filtering because the data must be acquired pixel by pixel and the total probe current is relatively small, typically 1 nA [18] . As an example, if the pixel dwell time is 50 ms, a 256 x 256 map takes one hour to record. The length of the acquisition time can be a severe limitation, necessitating correction for sample drift.
On the other hand the STEM with parallel EELS provides the opportunity for spectrum imaging [19] , i.e. acquisition of an entire spectrum at each pixel. Although enormous quantities of data are generated, spectrum imaging permits great flexibility in off-line processing. In biological microanalysis it allows us to detect physiologically relevant concentrations of elements, such as calcium, that produce weak core edges on large backgrounds (signal/background 10-3) [5, 6, 9] .
Quantitation and accuracy of analysis is also facilitated in the STEM approach. For example, multiple least-squares fitting can be performed at each pixel in an elemental map [20, 21] . In addition only the STEM allows simultaneous acquisition of EELS and energy-dispersive x-ray (EDXS) data; this capability can be very important for many biological applications where the distributions of several elements are required. An [1] [2] [3] . In the past few years, however, it has been demonstrated that EELS can provide improved detectability for certain important elements such as calcium [6] , phosphorus, and sodium [26] in an organic matrix. The improvement is approximately a factor of three for calcium and phosphorus, and more for sodium. In order to achieve this level of sensitivity it is essential to use parallel detection and to process the spectra appropriately. Thus, first or second difference acquisition can be used to remove channel-to-channel gain variations in the detector, while also increasing visibility of the signal. Quantitation can then be achieved by fitting reference spectra obtained from suitable standards [6, 9] using a multiple least-squares procedure.
Certain elements such as potassium are invariably better analyzed using x-rays and it is therefore desirable to perform EELS and EDX simultaneously. One [27] allows the detection of specific bound elements within individual macromolecules prepared by direct freezing and freeze-drying [28, 29] . In order to achieve the required sensitivity of a few atoms an extremely high electron dose (N 109 to 101° e/nm2) is required; this clearly will entail terminal radiation damage and "knock-on" damage may also occur. However, the mass distributions and molecular weights of the freeze-dried structures can first be characterized at low dose (~ 103 e/nm2) by digital darkfield mass mapping [30] [31] [32] [6, 26] . Results [29] . Small numbers of phosphorus atoms can also be detected in macromolecular assemblies; this is illustrated by the spectrum in figure 1  obtained from The signal, as estimated from scattering cross sections [16] , is consistent with the known structure of the virus, i.e., a segment of single-stranded RNA containing ~200 phosphorus atoms at -0.9 wt-% concentration. Such low levels of phosphorus are not normally detectable with EELS because of the small signal/background ratio, and the result is only possible with parallel detection. An appealing application for phosphorus detection is the direct determination of the phosphorylation state of cytoskeletal and regulatory proteins. Even though it is impossible to attain a spatial resolution much smaller than the dimension of the molecule (or -10 nm), the combination of molecular weight characterization by low-dose, dark-field STEM and quantitation of specific bound atoms by high-dose EELS may prove to be a useful technique. [35] . Because an element like boron provides the opportunity to fashion small, low molecular weight labels, it offers the prospect of immunoreagents with improved tissue penetration properties.
3.5 LOW-DOSE EELS MAPPING. -It has been proposed that elemental mapping at low dose should be possible by averaging the characteristic core loss signal over many identical structures, such as a periodic crystalline array of macromolecules (e.g. reconstitued membranes) [36] . In the case of a filamentous structure, the radial elemental distribution can be determined by averaging along its length. Such experiments are only feasible if the spectrum can be read out very rapidly at each pixel (-100 03BCs) and if single-electron detection is possible, i.e. high DQE at low electron fluxes. Although the photodiode array detector is highly optimized for most microanalytical applications it does not satisfy the requirements for low dose measurements and this has led to a number of proposals for alternative devices. An ion-implanted silicon array exposed directly to the electron beam has been reported by Haider [37] , a ten channel silicon diode is under development by Krivanek et al. [38] , and Reichelt and Engel [36] [40] . This method depends on the difference in the inelastic mean free path for the hydrated crystal and water. Preliminary data obtained from hydrated catalase [41] demonstrate that the method is sufliciently sensitive to measure the exact number of unit cells in specimens less than 100 nm thick. [42] [43] [44] . This [46] has placed the annular dark-field detector after the spectrometer to obtain energy-filtered, dark-field images in the STEM; it is then possible to obtain pure Z-contrast in samples of finite thickness. 5 . Conclusions and future directions.
Instrumentation for electron energy loss spectroscopy has now advanced to a stage where interesting experiments in biology have become feasible. The energy-filtering TEM and the STEM with parallel EELS each has advantages for different types of applications.
EFTEM is often the method of choice when elemental concentrations are locally high. On the other hand, physiologically relevant concentrations of elements, such as calcium, sodium and phosphorus can be better detected in STEM using a parallel detection spectrometer, while simultaneous x-ray data can be recorded for other elements. The limitations in applying EELS to biology often lie with difficulties in specimen preparation rather than with the spectroscopy, particularly when cryosectioning is required. In the future we may expect attempts to localize specific organic compounds in subcellular compartments using fluorinated compounds and other labelling approaches. The combination of low-dose STEM molecular weight determination (mass mapping) and high-dose elemental analysis of macromolecular assemblies is feasible at almost single-atom sensitivity. However, the task of obtaining elemental distributions at low-dose is considerably more complicated and depends on novel detection devices with parallel read-out and single-electron sensitivity, as well as averaging procedures for optimizing signal/noise. In the future we may also expect use of the low-loss spectrum to obtain information about the water content of organelles and to determine the thickness of protein crystals required for three-dimensional
